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The trend towards a better understanding of the fundamentals of nucleate boiling by the introduction of the 
characteristic features of the heating surface are supported by new developments in computer calculations and in 
measurement techniques. This can help to avoid problems when a replacement between refrigerants becomes 
necessary.  
 
The optimized surface of enhanced evaporator tubes supports the bubble formation by providing stable nucleation 
sites, which are cavities that hold the necessary amount of vapor to generate the next bubble. The optimal size of the 
cavities for bubble formation depends on various thermodynamic properties of the fluid. The knowledge of these 
physical mechanisms is important for the further optimization. Tubes are often optimized for one special fluid and 
cannot be used for other ones.  
The influence of the macrostructure on the heat transfer coefficients of R134a and R290 boiling on steel test tubes 
with different structures at different regimes of boiling will be discussed for a wide pressure range. The heat transfer 
measurements of the test tubes are carried out in a standard apparatus using electrical heated mild steel test tubes 
with plain and enhanced structures. The bubble formation of both fluids will be discussed. There are no differences 




Heat transfer in pool boiling is mainly used in flooded evaporators in refrigeration, air conditioning, heat pumps and 
within the process and petrol industry. The main advantage of the boiling mechanisms is that large heat transfer rates 
may be achieved with small temperature gradients. The main problem of boiling systems is the numerous influence 
parameters and their complexity. Therefore, empirical correlations based on more or less accurate measurement data 
are still applied for the design of modern evaporators.  
 
The enhancement of heat transfer even in boiling systems is of main interest to save energy and costs. The most 
effective way is to modify the geometry of the heated elements (macrostructure e.g. fins or macro-cavities as 
enhanced structures) or the microstructure of the heated surface (e.g. to roughen the surface). To quantify the real 
enhancement effects more fundamentally, a detailed and precise analysis of the topography of the heated surface and 
bubble formation and motion are provided, as the heat transfer within a large range of pressure and superheat has to 
be linked to each other. 
 
Pool boiling heat transfer from single plain and enhanced horizontal mild steel tubes are investigated by means of a 
standard apparatus for pool boiling heat transfer. The surfaces of the mild steel tubes are polished or the original 
drawn one as manufactured are used as basis of further macrostructures. The boiling liquid is R134a or R290 
(propane) investigated in a large range of pressure and heat flux. In parallel, the bubble formation is analyzed for 
different surfaces and the two fluids. 
 
2. EXPERIMENTAL PROCEDURE AND TEST TUBES 
 
Most of the pool boiling experiments in literature are carried out on copper tubes or plates or on very thin stainless 
steel foils, respectively, in very restricted range of pressure and temperature. Few investigations are done with mild 
steel tubes within a large range of pressure and heat flux and various fluids (Mertz, 1999). Therefore a test rig is 
designed to cover these heat transfer measurements. The modified standard apparatus bases on a test rig of 
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Kaupmann et al. (2000) for pool boiling heat transfer, as suggested by Gorenflo and Goetz (1982). A schematic 
representation is shown in figure 1. The main features of the apparatus are:  
 
− The superheat of the tube wall is directly measured by miniature thermocouples with one junction 
located in the boiling liquid below the test tube and the other junction in the test tube.  
− The dc-heated horizontal test tubes in the evaporator.  
− Evaporator and condenser are combined to a natural circulation loop for the test fluid and they are 
placed in a conditioned chamber which temperature is adjusted to the saturation temperature TS of the 
boiling liquid.  
 
The evaporator is manufactured of a stainless steel block with the dimensions 200x200x180 mm. It has one vertical 
drilling (∅ 100mm) and two orthogonal horizontal drillings (∅ 80mm) and provides ca. one liter of the boiling 
fluid. Five type K thermocouples are positioned in the evaporator to determine the temperature distribution in the 
liquid. A sight glass is flanged at each of the horizontal drillings allowing free sight to the tube from 4 directions. 
High speed video recordings and digital photography of the bubble formation on the test tube at different axial and 
azimuthal positions are investigated in parallel to the heat transfer measurement. The high speed video camera has a 
resolution of 1000 x 1000 pixels while recording 1000 frames per second.  
 
The electrically heated test tube is horizontally located within the evaporator. The fluid is boiling on the outside of 
the test tube and the vapour rises to the condenser. The heat flux leading to evaporation is calculated by the electrical 
current and the voltage in the test tube. Steady state conditions are obtained by adjusting the heat removed in the 
condenser to the power input at the test tube and by regulating the air temperature in the climate chamber to TS 
within the evaporator, see figure 1. The condensation temperature is controlled by an additional thermostat. The 
condensate flows back in the evaporator through two tubes, they end just above the bottom of the evaporator. The 
chamber temperature is also regulated by a thermostat. The thermostats of the condenser and the climate chamber 
are working by the same means: A special fluid is cooled by a cryostat and then reheated by PID-controlled 
cartridge heater.  
 
The air flow within the climate chamber is regulated by a flexible duct to the evaporator and can be controlled, 
aiming in a temperature difference between the top and the bottom of the evaporator less than 0.05 K. The chamber 
is flushed with inert gas for investigations with flammable fluids e.g. propane. Each thermoelectric voltage is 
conditioned by its own amplifier with a gain of 1000. The pressure in the evaporator is measured by different 
calibrated pressure transmitter. All signals are routed through a multiplexer, digitized by a digital multimeter and 
processed by a PC, see figure 1.  
 
The main features of the tube design, see figure, are: 
  
− Three coaxial tubes (inner tubes of copper, outer tube of mild steel) soft soldered together over their 
entire length in a glove box with reducing atmosphere.  
− Miniaturized thermocouples (0.25 mm OD) in longitudinal grooves of the inner copper tube distributed 
equally on different azimuthal positions, see figure 2, right, and  
− the round copper bar in the center with one helix groove for the resistance heater element of 1.5 mm 
OD. 
 
All the thermocouples end in the same cross section which is located in the middle of the tubes.  
 
3. SURFACE PREPARATION AND MEASUREMENT 
 
Different measurement techniques are established for the characterization of the surface roughness or microstructure 
of heating elements (Luke, 2006). Stylus based measurement instruments are often used for the quantitative 
description of the microstructure, because the method is easy to apply and a number of various roughness 
parameters are standardized especially for manufacturing reasons (Luke, 2003, 2006). Some of these roughness 
parameters – Ra or Rp – are integrated within the calculation method for the heat transfer in pool boiling (Gorenflo, 
2006), (Cooper, 1984). The main problem in concentrating on one single roughness parameter is that this analysis 
limits our idea of technical rough surfaces because they usually are anisotropic. Reentrant cavities provided to 
enhance heat transfer in boiling especially for low pressures and superheat cannot be exactly described by stylus 
instruments nor by optical techniques without destroying the heating elements.  
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Figure 1: Schematic representation of the standard apparatus with the temperature control devices, cf. also 


























Figure 2: Design of the test tube with a detailed cross section of the tube with the positions of the 
thermocouples and heater  
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The roughness and the topographies of the tube surfaces are investigated by the contactless stylus system combining 
near field acoustic microscopy with a conventional stylus instrument (for description in detail with the discussion of 
the advantages, the resolution limits and the errors of the measurement chain, see Luke (2006). A very small 
diamond tip swinging by ultrasound is driven slowly over the surface by special forward feeds. Different represen-
tations of the topographies investigated are shown in figure 3, in form of isometric ones, photorealistic top views 
and scans in form of the typical profile with the enlargement z/x = 18. The tubes are scanned in x-direction (gauge 
length of x = 0.5 mm) i.e. in azimuthal direction. Precise forward feeds in axial y-direction provide more than 1000 
single scans with a very small distance of y = 0.5 μm for topographies (quasi 3-dimensional measurements). The 2-
dimensional profiles and topographies are investigated over a differing number of thermocouples within the heating 
surface on varying azimuthal positions of the tubes. The topographies are investigated with a similar resolution in 
both directions Δx = Δy = 0.5 μm only over selected locations, i.e. the same area as for the bubble formation near 
the flank of the tube with an angle of ϕ = 270° and ϕ = 90°, considering the long measuring time.  
 
The surface of the heating elements in practical applications shows a technical rough structure due to the 
manufacturing process, see the measured topographies in Figure 3, left. The plain structure is treated by special 
developed devices for research reasons to have reproducible technical rough surface. The changements of roughness 
and cavity sizes as on industrially manufactured are avoided. The results in form of the standardized roughness are 
listed in table 1. The drawn mild steel tube demonstrates a large variety of cavities in size and form, which is also 
reflected by the heat transfer measurements (Mertz and Groll, 1999). The very irregular structured surface is 
removed by polishing, see figure 3, right. It can be assumed that the results of bubble formation and heat transfer on 
the rough steel surfaces will be more pronounced with higher α-values for beginning nucleation then on the polished 
surface Luke (2007). The drawn surface will be more efficient for beginning nucleation to avoid hysteresis effects 
because of the single very deep cavities. 
 
4. HEAT TRANSFER AND BUBBLE FORMATION 
 
4.1 Measurement on plain tubes  
The results of the heat transfer measurements of propane and R134a are discussed in terms of the superheat ?T = Tw 
- Ts or of the heat coefficient ? defined by the ratio of the heat flux q and ?T  
 
 ? = q/?T = (Q/A)/(Tw - Ts) (1) 
where Q is the electrical energy input, A the heated part of the tube surface and ?T is measured directly by the 
thermocouples in the tube wall and their reference junction in the pool. The heat coefficient versus the heat flux q 
are given in figure 4 for the two fluids R134a and propane boiling on the plain mild steel tube. The pressure range is 
p* = ps/pc = 0.5 to 0.05 and the heat flux varies from q = 100 W/m² to 100 kW/m². The measurements are carried out 
by reducing heat flux.  
 
Beginning from single phase free convection at small heat fluxes, the well known strong increase of ? with q at 
nucleate boiling according to ? ~ qn
 
and the strong increase with the reduced pressure p* are obtained. Using the 
pressure dependencies of the ? – values at the intermediate heat flux q = 20 kW/m2 and of the slopes n of the ?,q-
interpolation lines, the results for the two fluids at all pressures and heat fluxes investigated can be reproduced. They 
demonstrate that the data for the two fluids are very similar throughout the p- and q-ranges, if compared at the same 
normalized pressure p*. The results reveal the same as on copper tubes (Luke, 2006). The ?–values and the relative 
dependencies from q and p would differ, however, significantly if compared at Ts = const.  
 
The same aspect reflects the bubble formation on the plain tube for the same reduced pressures, see figure 6, left top. 
For propane, however the number of nucleation sites seems to be somewhat smaller than for R134a for low 
pressures on the photography (see figure 6 left, bottom).  
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Table 1: Roughness parameters of the plain mild steel tube surfaces acc. to DIN EN ISO 4287 (10.98) for 

















































































Figure 3: Results of the topography measurements for the drawn (left) and the polished (right) mild steel 
tube surface. Top: isometric representation, middle: photorealistic top view, bottom: one single profiles 
with the enlargement z/x = 18 
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Figure 4: Heat transfer coefficient versus heat flux for R134a (pc = 40.51 bar) and propane (pc = 42.56 bar) on a mild steel with dA = 18.85mm and polished surface (Pa = 0.04μm).  
 
 
Figure 5: Heat transfer coefficient α in dependence of the heat flux q as a function of two different 
pressures (p* = 0.2 and p* = 0.07) for propane and R134a on an enhanced and plain mild steel tube.  
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4.2 Measurement on enhanced tubes  
The enhanced tube used is a mild steel GEWA-PB tube manufactured by Wieland Werke AG, Ulm, Germany.  
 
The results of the heat transfer measurements of the two fluids demonstrate in Figure 5 for low heat fluxes at both 
pressures the well known effect, that α augments drastically for the tube with enhanced surface up to a factor 7. For 
high heat fluxes, however, the α-values for the two pressures investigated are nearly equal for the enhanced surfaces, 
while there is still a difference in α at the plain surface.  
 
The detailed comparison reveals that the main enhancement effect is observed especially for the higher pressure 
(p* = 0.2) for both fluids for small heat fluxes. There is nearly no hysteresis effect and the incipience of boiling will 
be at very small superheats, exterior the experimental scatter.  
 
For low pressures, there is still a slight enhancement effect, but there is a small decrease for both liquids near 
1000 W/m² and the α−q relationship is similar to those discussed by Caplanis (1997). The possible vapor trapping 
and the effect of the up streaming bubbles in the grooves for low heat flux and pressure is demonstrated by the high 
speed video recording. The photograph shows that the main effect is occurring in the grooves and that the bubbles 




The following conclusions can be drawn from the results of this investigation:  
 
− The data obtained for the plain steel tube reveal the recent results for propane and R134a: The heat 
transfer coefficient is the same for same reduced pressure.  
 
− Enhancement of the combined convective and evaporative heat transfer for enhanced tubes by 
prolonged normalized saturation pressure p* (but different saturation temperatures).  
 
− First measurements on enhanced tubes of the GEWA-PB type show heat transfer is enhanced up to 
approximately tenfold for propane while the effect of R134a is lower at comparatively small (to 
intermediate) heat fluxes. The enhancement vanishes for the pressures range investigated at high heat 
fluxes, due to trapped vapor within the grooves hinder the mass flow of super heated liquid.  
 
 
Figure 6: Photographs of the bubble formation of propane boiling on a mild steel tube for two different 
reduced pressures and q = 5 kW/m², plain tube left, GEWA-PB right 
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NOMENCLATURE 
 
A Area  (m²) 
Q Heat  (W) 
Ri Roughness acc. DIN EN ISO 4287 (μm) 
T Temperature (K) 
lm Gauge length  (mm) 
q Heat flux  (W/m²) 
α Heat transfer coefficient (W/m²K)  
Subscripts 
s Saturation  
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